Natural gas, in its migration from source rocks to release zones may travel a long distance and change the geochemical characteristics of the rocks which it flowed through. In order to study the geochemical evidence of the natural gas migration, 24 samples were taken from different natural gas migration zones in the Ordos Basin, China. Five samples of them are from natural gas release zones (dark sandstone samples), 17 samples are from bleaching zones (bleaching sandstone samples), and two samples are from non-release zones (background samples). These samples were analyzed by organic and inorganic geochemical methods. The results of GC traces and ICP-MASS indicate that three zones show different organic and inorganic geochemical characteristics. Natural gas migration and releasing may be recognized by the geochemical evidences.
1. INTRODUCTION Natural gas migration from source rocks to release zones may leave behind evidence in the rocks which it flowed through. Natural gas may react with the rocks or affect the geochemical characteristics of the rocks. Release evidence of natural gas is very important for ore exploration. From the evidence, geologists can evaluate how much natural gas has been released and how much is still kept in reservoirs. From release evidence, geologists may find petroleum and natural gas formation and migration clues, and then look for petroleum and natural gas reservoirs (Jacob, 1985; Liu, 1986; Huang and Ran, 1989; Zhang and Li, 1999) . Furthermore, one may understand the natural gas migration regularity by studying the release zone. Release evidence of natural gas has been recognized by many scientists (Moulton, 1922; Levandowski et al., 1973; Segal et al., 1986; Surdam et al., 1993; Chan et al., 2000; Zhang and Li, 1999; Sun et al., 2002; Beitler et al., 2003) . One famous example is reported by Beitler et al. (2003) in the study of Colorado Plateau natural gas. They believed that bleaching patterns in the Navajo Sandstone suggested the rock formation once may have harbored vast amounts of hydrocarbons, likely natural gas (methane). When the onceburied sandstone was exposed and started eroding roughly six million years ago, the gas would have been released into the atmosphere.
Release evidences of natural gas have been found in many areas in China (Zhang and Li, 1999) . Three different colors have been observed in such rocks in the Ordos Basin: bleaching sandstone, dark sandstone and red sandstone. These colors are related to natural gas migration and release. The purpose of this paper is to study the geochemical characteristics of the release zones of natural gas in the Ordos Basin, and try to find out the relationship between natural gas release and trace element enrichment. (Sun, 1981; Feng et al., 1999; Jia et al., 1997) . The Lower Palaeozoic consists of marine sediments, including grey quartz sandstone, dolomitite, violet dolomitite, shale, limestone and marl. Seawater covered the entire basin in the Cambrian. The Silurian, Devonian and Lower Carboniferous strata are missing because the basin was raised and a regression occurred. Limestone, marl and dolomitite were deposited by an ingression after the Ordovician regression. In the Upper Carboniferous and Permian, sandstone, siltstone, oil shale, clay and coalforming plants were deposited in delta, river and lagoon environments. Since this time, seawater never came again into this area. In the Mesozoic, sandstone, siltstone, clay, coal-forming plants were deposited in river and lake environments.
GEOLOGICAL SETTING
The Ordos Basin is a superimposed basin and contains a vast amount of the natural gas in northern China. Abundant petroleum and natural gas have been found in the basin. There are three primary petroleum and natural gas systems in the basin: the Jurassic-Triassic petroleum system, the Lower Paleozoic, and the Upper Paleozoic natural gas systems. Five large natural gas reservoirs (with more than 1000°×10 8 m 3 natural gas per reservoir) have been discovered. They belong to lithologic and stratigraphic reservoirs.
EXPERIMENTAL METHODS
Seven samples which belong to the Yijinhuoluo Formation, Cretaceous, were taken from the banks of a river. Their lithology and colors are described in Table 1 . The river is located in a fault belt. Methane flowed out through the fault belt ( Figs. 1 and 2 ). The bleaching sandstones and release zones of the natural gas can be clearly seen. 10 rock samples were taken from drill core rocks in order to study the evidences of natural gas and oil.
The samples for geochemical analysis were crushed and ground to less than 200 mesh. X-ray fluorescence spectrometric analysis (XRF, Cu-K a source) was used to determine the oxides of the major elements, including Si, Al, Ca, K, Na, Fe, Mn, Mg, Ti, and P. Inductively coupled-plasma mass spectrometry (ICP-MS) was used to determine most of trace elements. A detailed description was given by Dai et al. (2003; 2005) . The organic carbon content (C org ) was measured using a Leco CR-12 carbon determinator. Carbonates were removed from the samples by prior treatment with concentrated hydrochloric acid. The total sulfur content was measured on ground sample material using a Leco CS analyzer. The Hydrogen Index (HI) was determined by Rock-Eval analysis at Open Laboratory of Chinese Organic Geochemistry using a DELSI Rock-Eval Instrument Version RE II.
The gas chromatographic (GC) analyses were carried out on a HP-5890 gas chromatograph fitted with a silica capillary column (25m×0.2mm i.d.) coated with SE-54, temperature programmed from 60 to 320 o C at 4 o C/min. The samples were analyzed in the Key Laboratory for Resource Exploration Research of Hebei Province. Gas Chromatography-Mass Spectrometry (GC-MS) analyses of the aliphatic fractions were performed on a Hewlett-Packard model 6890 GC coupled to a Hewlett-Packard model 5973 quadrupole MSD. Separation was achieved on a fused silica capillary column coated with DB5 (30 m×0.25 mm i.d., 0.25µm film thickness). The GC operating conditions were as follows: temperature held at 60 for 5 min, increased from 60 to 300 at a rate of 4_ min -1 with final isothermal hold at 300_ for 15 min. Helium was used as carrier gas. The sample was injected at split ratio 30:1 with the injector temperature at 290_. The mass spectrometer was operated in the electron impact mode at 70 eV ionization energy and scanned from 50 to 650Da. Data were acquired and processed with the Chemstation software. Individual compounds were identified by comparison of mass spectra with literature and library data, and interpretation of mass spectrometric fragmentation patterns (Sun et al., 2004) .
Organic petrographic composition was investigated on polished block samples using a Leitz MPV3 reflected light microscope equipped with a halogen lamp (oil 32/0.65, 548 nm, 3×3 µm, EMI9592 S-11).
INVESTIGATION OF NATURAL GAS MIGRATION IN THE NORTHERN ORDOS BASIN 3.1. Source rocks and their hydrocarbon generation periods
There are two sets of source rocks in the Paleozioc strata in the Ordos basin. They belong to maturation source rocks. The Lower Paleozioc source rocks are mainly Ordovician marine carbonate with a thickness of 150-1300 m. The kerogen is classified as type II. The average TOC content is 0.21% (Yang et al., 2000) . The Upper Paleozioc source rocks are mainly Carboniferous-Permian dark claystone, coal seams and marine carbonate. The thickness of claystone is about 50-150 m, and its average TOC content reaches 3%. The thickness of the coal seams is about 8-30 m, and its average TOC content reaches 63-83%. The thickness of the marine carbonate is 2-30 m with an average TOC content of 1.15%, and occurs only locally in the basin. The organic matter of the Upper Paleozioc source rocks consists of mainly kerogen type III or mixed kerogen type rock (Yang et al., 2000) .
The Paleozioc source rocks of natural gas are Ordovician marine carbonate, Carboniferous-Permian dark claystone and coal seams. The Paleozioc source rocks began to generate hydrocarbon from the Trias. The fastigium of hydrocarbon generation was in the Middle Jurassic. After the Early Cretaceous period, the hydrocarbon generation decreased and ceased gradually. The Later Jurassic and the Early Cretaceous are the main hydrocarbon generation periods for Lower and Upper Paleozioc petroleum and natural gas systems (Magoon and Dow, 1994; Yang et al., 2000) .
The Lower Paleozioc petroleum and natural gas system is mainly in the middle-east areas of the basin. The Upper Paleozioc petroleum and natural gas system is mainly in the middle-south areas of the basin.
Reservoir lithology and cap rocks
The reservoir formations of the Lower Paleozoic are weathered residuum and the cavern porosities. Their cap rocks are Carboniferous and Lower Permian claystones. Their osmosis is lower than 10 -6 ϳ10 -9 µm 2 (Yang et al., 2000) . The reservoir formations of the Upper Paleozoic are the sandstones of the Shanxi and the Xiashihezi formations. The cap rocks are claystones of the Shangshihezi formation.
Trap and migration
The main trap types are stratigraphic traps and the lithologic traps. The large palaeohighs (e.g. Yimeng Palaeohigh, Middle Palaeohigh) occurred in the north part of the Ordos basin. Therefore, the petroleum and the natural gas migrated from the middle part to the northern part of the basin. There are abundant Karst fractures in the Lower Ordovician carbonates, and also four river deltas extend from north to south in the Upper Paleozoic strata. These geological conditions let natural gas migrate easily from the middle to the northern part of the basin, and then upward through the Mesozoic sediments, to be released finally along the fault belts and into atmosphere.
RELEASE EVIDENCE OF NATURAL GAS

Bleaching sandstone zones
Natural gas can migrate a longer distance than petroleum. However, natural gas releasing evidence has not been studied as widely as petroleum releasing evidence. We have found that natural gas release indeed occurs with much evidence. These evidences have not been noticed enough, although some evidence of natural gas release has been reported in recent years (Beitler et al., 2003) .
A large-scale bleaching of Navajo Sandstone has been reported by Beitler et al. (2003) . The Navajo Sandstone is perhaps the largest eolian (sand dune) complex on Earth, past or present. Abrupt red-white color transitions are believed to be the result of reducing fluids, likely gas hydrocarbons, flowing through the sandstone pores and removing the red pigment.
This kind of bleaching was also observed in sandstones of the Talimu Basin, Ordos Basin, northwestern China. The strongest bleached sandstone in China occurs in the northeastern part of the Ordos Basin, Dongsheng area (Fig. 1) . Large-scale bleaching of sandstone occurred in the Zhiluo Formation, Jurassic. The bleached sandstone is middle feldspar-sandstones. Small bleached sandstones were observed also in Yijinhuoluo Formation of the Cretaceous and the Zhifang Formation of Triassic. The bleaching sandstones are fine-middle feldspar-quartz sandstones. A natural gas release zone is also located in the Yijinhuoluo Formation (Fig. 2) . Beitler et al. (2003) and other geologists noticed that red bed sandstone was bleached by natural gas. However, white sandstone became dark sandstone in some locations as natural gas was released through them.
Dark sandstone zones
Natural gas may release through a very long distance. According to our research, bleaching of sandstone may occur in gas reservoirs and in release way of natural gas. However, a dark sandstone zone is always observed in the exposed zone of gas release. The dark color is caused by TOC, which are remains of natural gas just as asphalt mats are remains of petroleum release. In the Ordos basin, this dark sandstone zone occurs in an exposed zone. The best view place of these dark sandstone zones is at a river bank (Figs. 1 and 2) . The sandstones belong to the Yijinhuoluo Formation. There is a thin claystone bed covered on the dark sandstone bed. The claystones let the natural gas cannot release upwards.
The formation of dark sandstone may be related also to geological conditions. When natural gas flowed to a fault or surface rocks, the pressure and temperature conditions might have changed. The most natural gas would release to atmosphere and some TOC would remain in the sandstones. The remaining TOC turns the sandstone into dark colors. This phenomenon is similar to petroleum releasing, in which asphalt mats are formed by the remains of petroleum.
Metal zones
Huge metal deposits related to natural gas release have not been reported. The reason may be that natural gas cannot carry as much metal as petroleum. However, abundant hematite and limonite were observed in the claystone beds of the dark zones (Fig. 2) . The claystones have become red beds due to the oxidizing of Fe-minerals in the release zone.
The color change depends on the chemical characteristics of iron. Iron in sediment is immobile Fe 3+ under normal pore fluid conditions, and must be reduced to Fe 2+ for transport. On entering red rocks, reducing fluids initiate reaction controlled by Eh/pH, thereby mobilizing and removing the soluble iron stain. Pyrolysis of water-rockhydrocarbon mixtures in experiments of Shebl and Surdam (1996) resulted in a color change in the Pennsylvanian Tensleep eolian sandstone from original red to light pink, white, gray, or dark gray. Methane is also capable of causing iron reduction and a color change in sandstone (Chan et al., 2000) . Methane-water fluids brought Fe 2+ to the release zone. The methane released into atmosphere and the water flowed out the sandstones at fault belts. The Fe 2+ might remain in the sandstones. Fe 2+ would become Fe 3+ by oxidation in earth surface. Table 1 shows the contents of selected trace elements of the samples from the bleaching sandstones, release zones and non-release zones (background samples). Samples DS7 and DS8 as background samples were taken from non-release zones. Samples from DS13 to DS17 were taken from a bleaching zone, and other samples from the release zones. Both group samples show significant different elemental contents. Some elements, such as Mn, Ge, Sr, Zr, Ce, etc., have similar contents in three groups. Most element content in the release zone are much higher than those in the background samples, such as V, Cr, Co, Ni, Cu, U, etc. Table 1 . Variations of trace elements in different natural gas release zones.
The U contents in the release zones are 2~25 times higher than those in the background samples. This may indicate that natural gas may carry U during its migration. An important uranium deposit (Dongsheng Uranium deposit) has been found close the release zone in the Ordos basin. Geological and geochemical evidence has proved that uranium accumulation may be related to the natural gas release.
Organic geochemical characteristics of exposed zones
TOC and Rock-Eval values of the samples are listed in Table 3 . The TOC contents of the dark sandstone samples are much higher than the values of the other samples. The highest TOC content of 1.5% occurred in Sample DS14, and the lowest TOC content of 0.42% occurred in Sample DS18. The average TOC content of the samples from the dark sandstone zone is 0.74%. The average TOC content from the samples from the bleaching sandstone zone is 0.19%, whereas their contents are lower than 0.01% in the background samples and the oxidized red sandstone samples. This data clearly indicates that additional TOC contents exist in the dark sandstone zone. In the bleaching sandstone zone, there is also additional TOC content. However, this value is only 0.18% higher than that in the background samples and much lower than that in the dark sandstone samples. Only one sample (DS14) shows S1 value. This phenomenon may indicate that soluble organic matter is very low. S2 contents occurred only in the samples from the bleaching white sandstone samples and dark sandstone samples. HI values occurred also in these samples. However, the higher HI contents occurred in the samples from the bleaching sandstone zone. HI values are the ratios of hydrocarbon versus TOC contents. This phenomenon may indicate that hydrocarbon was depleted in the releasing dark sandstone zone, and carbon only remained in this zone. 
Organic geochemical evidences of natural gas migration
In order further to confirm natural gas migration, the samples from the Yijinhuoluo Formation of Cretaceous were analyzed by GC. Their GC traces show different aromatic compounds. The contents of naphthalene and alkylated naphthalenes are much higher in some samples (Fig. 3) . These results may indicate that the additional aromatic compounds were migrated here from Paleozioc source rocks (Fig. 3A) .
Evidences of Aromatic maturity parameters
Vitrinite reflectance (R r ) is a very useful maturity parameter. In this study, very good coal particles were found (Fig. 4) . The R r values of the samples from the Yijinhuoluo Formation of Cretaceous vary from 0.50 to 0.55%. Many molecular ratios of aromatic compounds have been established as maturity parameters (Radke et al., 1982; Peters and Moldowan, 1993) because vitrinite reflectance values are not available sometimes. The most famous molecular maturity parameters are the alkylphenanthrene ratios (Radke et al., 1982; Radke, 1987) . MPI-1 values as maturity parameter are listed in Table 3 . According to the formula R c = 0.6MPI-1+0.4 (Radke et al., 1982) , the values of calculated vitrinite reflectance (R c ) are higher than determined R r values in this profile ( 
SCHEMATIC DRAWING OF NATURAL GAS MIGRATION ZONES
Natural gas migration from source rocks to atmosphere may be divided into 4 zones (Fig. 5) . The first zone is in the source rock in which the gas was generated; the second zone is the reservoir sandstone close to the source rock, and the sandstone maintains origin color; if the natural gas is huge and migrates a long distance along sandstones, the color of the sandstones may be bleached; if the natural gas in the sunstones is released into atmosphere, the sandstones in the releasing zone may become dark. Figure 5 . Schematic drawing of natural gas migration zones from source rock to atmosphere.
CONCLUSIONS
Release evidence of natural gas can be observed in the outcropping areas. The evidence consists of three parts: First, natural gas migration can bleach sandstone; second, natural gas release lets sandstone become dark because TOC leave behind in the release zones; third, many trace metals in the release zones are much higher than those in the non-release zones (background sample). From this evidence one may know natural gas migration traces.
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